The spatial intensity profile of an X-ray beam reflected by a crystal with microdefects in the Bragg case is considered. A practically pure diffuse component was measured at the tail of the intensity distribution. From these data, static Debye-Waller factors of nearly perfect silicon crystals were obtained.
I. Introduction
To separate the Bragg (B) and diffuse scattering (DS) components, double-or triple-crystal diffractometers are conventionally used. These methods are based on the difference of angular range scales: 60~)s "> 60,, where 60[)s = d/Ra (d is the lattice spacing and R,~ the characteristic defect radius), 60B=d/A (A is the extinction length). However, Eidlin, Matveev & Elutin (1988) showed for the case of neutron diffraction that it was also possible to extract the diffuse component using Shull's method (Shull, 1973) of taking the diffracted beam intensity profile in the Bragg case. These authors investigated heavily deteriorated crystals with inhomogeneously distributed defects. In the present paper this principle is used for DS intensity measurement on crystals with minor structural imperfections 1.0.10 = ~" 0.8 0.6 Z 0.4 z and homogeneously distributed defects. The method is developed to obtain some quantitative characteristics of crystal imperfection.
Basis of the method
Let a narrow X-ray beam with an intensity 1,, per unit glancing angle and divergence SO, >> 60t)s "> ~0, fall onto a perfect crystal set for the reflection position. The intensity profile of the reflected beam can be described by the expression (Uragami, 1969) :
where x is measured from the point of incidence along the crystal surface, x = 0 at the point of incidence, a = (1/2) × CKOCPHX p n)' 2/cos0n, C is the polarization factor which equals 1 or Icos20Ri for o-or 7r polarization, respectively, K = 2¢r/a, a is the radiation wavelength, 2"5~ is the Fourier component of the crystal polarizability, OR the Bragg angle, Q the kinematical reflectivity of the crystal volume unit (Q = 7r2dcosOR/A2), A the extinction length (A = 7r/ReaL j~(x) the first-order Bessel function and /x the linear coefficient of the photoelectric absorption. Averaging over two polarization states is implied in (1). It is obvious that In(O)= Qlo. The intensity oscillates and abruptly decreases (by two orders of magnitude at a distance equal to A) when moving away from the incidence spot due to extinction of the incident beam in the angular region 60n of strong coherent diffraction.
Given a slightly imperfect crystal, DS occurs. Besides, X~, and /z in (1) should be replaced by Xn = gPexp( -L) and /zen,=/z + #os, respectively, where exp(-L) is the static Debye-Waller factor, L = ((Hu)2), H is the diffraction vector and u the vector of atomic displacement caused by defects; (...) denotes the volume average and /~os is the coefficient of additional absorption caused by the DS (Dederichs, 1970) . A decrease in the incident-beam intensity due to a comparatively weak DS in the angular region 60DS is insignificant (/ZDS--1 cm ') and damping of the DS component when moving away from the incidence spot is mainly determined by photoelectric absorption. So, at a sufficient distance from the incidence spot, a reflected beam is practically free from the Bragg scattering contribution. Its intensity is equal to the integrated intensity of the DS component which can be written as (Krivoglaz, 1984) IDs(X) = 2LQ loexp( -Izerrx/cosOn).
(2)
Experimental method and results
The specimens under investigation were prepared in a standard way from an ingot of dislocation-free Czochralski-grown (Cz) silicon. The oxygen content was about 1.2 x 1024 atoms m -3. Measurements were carried out before and after heat treatment at 1123 K for 2 h. The float-zone (FZ) oxygen-free silicon crystals were used for comparison. Intensity profiles were obtained with Ag Ka] radiation, the detector console being turned by small angles A~0 in the vicinity of the doubled Bragg angle (Fig.  1) . As a result the place of the outlet of practically parallel reflected beams varied. Obviously, x = rA~/sinOs, where r is a distance between the detector slit and the goniometer axis. Both collimating slits (1 and 2 in Fig. 1 ) and the detector slit (3) Fig. 1 shows the intensity profiles of the 777 reflection, taken by continuously turning the detector (the extinction length for o-polarization A,~ = 530 ~ m, for 7r polarization C.~ 1). One can see the second maximum in profile 3, nearly 1-5A,, distant from the incidence point, in agreement with (1). Annealing causes the DS to appear as it does through oxide precipitation. Actually, there is superfluous intensity of the order of 10impactss-' in profile 2 when x > (3-4)A,,. The dependence of In(/) on x .for large x can be adequately approximated by a straight line with a slope close to /.L/cos0a. This confirms that the distribution of defects is homogeneous and the profile tail can be described by (2) with /~DS <~/~-The ratio of the superfluous intensity to IB(0) is equal to 2Lexp(-l,~x/ cos0B). Hence we find L= 5 × 10-2. The non-diffracting background, which is to be subtracted from the measured intensity value, is equal to the intensity recorded for x < 0.
The method is sensitive enough to measure the intensity of the DS from the non-annealed Cz silicon sample (Fig. 2,  333 , A,, ---99.4 p~m). Here the magnitude of the total intensity (recorded with a wide detector aperture) was used for the sake of normalization instead of the profile maximum since S/sin0R > A,,, where S is the width of the detector slit. We found L--3 x 10-3. One can also see a small DS component in the profile of the FZ silicon sample. The integrated intensities for both crystals coincide within the accuracy of the data.
So, the measurement of the intensity profiles in the single-crystal Bragg case experiment gives information which can usually be obtained by means of much more complicated techniques. Provided the L-H 2 dependence is valid, the L magnitude obtained for the non-annealed Cz silicon sample corresponds to that found by Schneider, Graf, Goncalves, Von Ammon, Stallhofer & Walitzki (1987) for 220 reflections and by Iida, Sugiyama, Sugita & Kawata (1988) for high-order reflections, but it is several times smaller than that obtained by Voronkov, Piskunov, Chukhovsky & Maksimov (1987) . There is an interesting possibility to determine /-Los by measuring the decrease of IDs(X) at large x. It is worthwhile conducting these measurements with thermal neutrons when true absorption is neglible.
